Spacetime-bridge solutions in vacuum gravity by Sengupta, Sandipan
Spacetime-bridge solutions in vacuum gravity
Sandipan Sengupta1, ∗
1Department of Physics and Centre for Theoretical Studies,
Indian Institute of Technology Kharagpur, Kharagpur-721302, INDIA
Abstract
Spacetimes, which are representations of a bridge-like geometry in gravity theory, are constructed
as vacuum solutions to the first order equations of motion. Each such configuration consists of
two copies of an asymptotically flat sheet, connected by a bridge of finite extension where tetrad
is noninvertible. These solutions can be classified into static and non-static spacetimes. The
associated SO(3, 1) invariant fields, namely the metric, affine connection and field-strength tensor,
are all continuous across the hypersurfaces connecting the invertible and noninvertible phases of
tetrad and are finite everywhere. These regular spacetime-bridge solutions do not have any analogue
in Einsteinian gravity in vacuum.
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I. INTRODUCTION
In the study of the global structure of spacetime in general relativity, bridge-like geome-
tries hold a special place due to their rich topology. However, Einstein’s theory of gravity
does not admit such spacetimes as vacuum solutions to the equations of motion. A partic-
ularly well-studied example is the Einstein-Rosen bridge [1], which is static and spherically
symmetric. This is made up of a pair of asymptotically flat sheets connected at the throat
where the area of the spherical slice has a global minimum. This configuration satisfies the
Einstein’s equations everywhere except at the throat where the metric determinant vanishes.
This observation had led Einstein and Rosen to propose a modification of the field equa-
tions, an approach that was to act as the basis of their remarkable attempt of setting up a
geometric model of electrically neutral elementary particles. From the modern perspective
though, this configuration is just a part of the maximally extended Schwarzschild geometry
in Kruskal coordinates [2], obtained by deleting the pair of interior (black hole and white
hole) regions. This implies that the double-sheeted spacetime of Einstein-Rosen may in
fact be envisaged as a non-traversable wormhole [3]. Traversable wormholes [4, 5] represent
another class of bridge geometries. These typically require the presence of exotic matter
(implying violations of the energy conditions [6]) and hence are not allowed as well within
the standard Einsteinian theory.
Einsteinian gravity, however, is built upon the assumption that the tetrad (metric) is
invertible (det eIµ 6= 0). It represents one among the two possible phases of first order gravity
theory, which in general admits invertible as well as noninvertible tetrads (det eIµ = 0) as
spacetime solutions [7–9]. The action associated with the first order formulation is given by
the Hilbert-Palatini functional:
S[e, ω] =
1
8κ2
∫
d4x µναβIJKLe
I
µe
J
νR
KL
αβ (ω) (1)
The above description involves the tetrad eIµ(x) and the spin-connection ω
IJ
µ (x) as the in-
dependent SO(3, 1)-valued fields and R IJµν (ω) = ∂[µω
IJ
ν] + ω
IK
[µ ω
KJ
ν] is the field strength. The
indices µ ≡ (t, a) label the spacetime coordinates whereas the SO(3,1) indices I ≡ (0, i)
correspond to the local Lorentzian frame. The completely antisymmetric tensor densities
µναβ and IJKL take constant values 0,±1. The above action is to be contrasted with the
Einstein-Hilbert (second-order) action, which requires the inverse metric explicitly in its
construction and hence can not accomodate any spacetime solution with degenerate tetrads.
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The equations of motion in vacuum resulting from the variation of the first order action (1)
with respect to the fields eIµ and ω
IJ
µ are given by, respectively:
e
[K
[µ Dν(ω)e
L]
α] = 0 (2)
e
[J
[νR
KL]
αβ] (ω) = 0 (3)
As emphasized already, this set of equations admits degenerate as well as nondegenerate
spacetime solutions. In the special case when the tetrad is invertible, these reduce to the
Einstein equations of motion, given by: Rµν(g) = 0. For degenerate tetrads, however,
there exists an infinity of solutions, none of which are perceived by the Einsteinian theory
[8, 9]. These spacetimes generically possess torsion, originating due to the noninvertibility
of tetrad.
Thus, one is faced with the possibility of exploring a more general dynamical description
of pure gravity where the invertible and noninvertible phases of tetrads could coexist. In
other words, the equations of motion in first order gravity may exhibit solutions described
by a single spacetime, with tetrad fields that are invertible in one region and noninvertible in
another [10] (see refs.[11, 12] for a few examples of such spacetime solutions in the context of
the complex SU(2) formulation of gravity theory). An interesting question could be, whether
such a general framework based on first order gravity could admit vacuum solutions which
can be identified as spacetime-bridge geometries (which need not be the same as the Einstein-
Rosen bridge or wormholes in particular but may be more generic). Here we demonstrate
that it does.
To elaborate further, the vacuum spacetimes presented here consist of an extended bridge-
like region, which exhibits a degenerate tetrad and connects two identical sheets of asymptot-
ically flat geometry. There exist two classes of such solutions, namely, static and non-static.
For the static ones, the area of the (spatial) two-sphere embedded within the four-geometry
has a local maximum at the centre of the bridge. The nonstatic geometries, on the other
hand, correspond to minimum area at their origin. To emphasize, the area of the spherical
slice in both these cases is nonvanishing for any arbitrary values of the non-angular coordi-
nates (denoted as t and u here). Hence, these configurations as a whole emerge as a new
family of spacetime-bridge geometries in gravity theory, satisfying the first order equations
of motion everywhere. From their features outlined above, it is clear that these are not the
same as Einstein-Rosen bridge or wormholes in general. It is important to note that the
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SO(3, 1) invariant fields that define any of these spacetimes are continuous at the junctions
between the invertible and noninvertible phases of the tetrads and are finite everywhere.
Such regular solutions, being devoid of any matter content (ordinary or exotic), have no
analogue in Einsteinian gravity.
In the next section, we elucidate the method to construct a family of spacetime-bridge
solutions to the first order equations of motion. First, we present the analysis for regions
away from the bridge. Next, we construct the bridge itself, its geometry being described
by noninvertible tetrad fields with one null eigenvalue. Properties such as continuity and
finiteness of the basic fields are also discussed in detail. We conclude with a summary of the
essential results and a few relevant remarks.
II. GENERALIZED WORMHOLE SOLUTIONS IN VACUUM
To begin our analysis, we introduce a set of global spacetime coordinates (t, v, θ, φ) with
t ∈ (−∞,∞), v ∈ (−∞,∞), θ ∈ [0, pi], φ ∈ [0, 2pi]. In these coordinates, let us divide
the whole spacetime into three regions with −∞ < v < −, − ≤ v ≤  and  < v < ∞
for some finite  > 0. The metric at the two regions |v| >  is invertible, whereas at the
intermediate region |v| ≤  it is noninvertible. The asymptotic limits v → ±∞ correspond to
the flat spacetime. By glueing the geometries characteristic of the three regions sufficiently
smoothly across the (degenerate) phase boundaries v = ±, one can obtain the full spacetime
solution which satisfies the first order equations of motion (2) and (3) everywhere (i.e. for
−∞ < v <∞).
A. Regions away from the bridge: Invertible tetrad
We assume the geometry of each of the identical sheets  < |v| < ∞ to be described by
a static metric, given by:
ds2 = gρσdx
ρdxσ = −
[
f 2(v)
f 2(v) + 2M
]
dt2 + 4
[
f 2(v) + 2M
]
f
′2(v)dv2
+
[
f 2(v) + 2M
]2 [
dθ2 + sin2θdφ2
]
(4)
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The monotonic function f(v) above has the following behaviour at the junctions v = ±
and the asymptotic boundaries:
f(±) = 0 = f ′(±) , f(v)→∞ as v →∞ . (5)
The last condition in eq.(5) implies that the metric (4) is asymptotically flat. The constant
M defines the area A (= 16piM2) of either of the two-spheres at t = const., v = ±. Upto
the boundary conditions (5), f(v) can be any arbitrary function, as long as it does not lead
to any divergence in the metric, connection or field strength tensor. The corresponding
tetrad fields read:
e0 =
f(v)
[f 2(v) + 2M ]
1
2
dt, e1 = 2[f 2(v) + 2M ]
1
2f ′(v)dv,
e2 = [f 2(v) + 2M ]dθ, e3 = [f 2(v) + 2M ] sin θdφ (6)
Evidently, the tetrad is invertible everywhere at |v| >  but not at the phase boundaries
v = ±. Note that in the regions |v| > , the metric above can be brought to the Einstein-
Rosen form [1] using the coordinate transformation f(v) = u. However, the equivalence
between the two geometries breaks down at v = ± where the Jacobian of the transformation
is singular.
The nonvanishing components of the torsionless spin-connection fields ω IJµ (e) are:
ω01t =
M
[f 2(v) + 2M ]2
, ω12θ = −
f(v)
[f 2(v) + 2M ]
1
2
, ω23φ = − cos θ, ω31φ =
f(v)
[f 2(v) + 2M ]
1
2
sin θ(7)
Evaluation of the field strength R IJµν (ω) using these leads to the following nontrivial com-
ponents:
R01(ω) = − 4Mf(v)f
′(v)
[f 2(v) + 2M ]3
dt ∧ dv, R02(ω) = − Mf(v)
[f 2(v) + 2M ]
5
2
dt ∧ dθ, (8)
R03(ω) = − Mf(v)
[f 2(v) + 2M ]
5
2
sin θdt ∧ dφ, R12(ω) = − 2Mf
′(v)
[f 2(v) + 2M ]
3
2
dv ∧ dθ, (9)
R23(ω) =
2M
[f 2(v) + 2M ]
sin θdθ ∧ dφ, R31(ω) = − 2Mf(v)
[f 2(v) + 2M ]
3
2
sin θdφ ∧ dv (10)
From these, we can construct another set of variables, namely the affine connection Γαβρ
and the field-strength Rαβρσ, which are invariant under the internal SO(3, 1) rotations.
The first is defined through the covariant constancy of the metric, given by the condition
Dαgρσ ≡ ∂αgρσ − Γαρσ − Γασρ = 0, implying:
Γαβρ =
1
2
[∂αgβρ + ∂βgαρ − ∂ρgαβ]−Kαβρ (11)
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where Kµαν = −Kµνα = 12 [Γ[µν]α + Γ[αµ]ν + Γ[αν]µ] is the contortion, defined in terms of the
antisymmetric part Γ[µν]α = Γµνα − Γνµα of the affine connection. Since the regions |v| > 
are torsion-free (Kµνα = 0), the nonvanishing connection components are found to be:
Γttv =
2Mf(v)f ′(v)
[f 2(v) + 2M ]2
, Γtvt = − 2Mf(v)f
′(v)
[f 2(v) + 2M ]2
= Γvtt, Γvvv = 2∂v
([
f 2(v) + 2M
]
f
′2(v)
)
,
Γθθv = −2f(v)f ′(v)
[
f 2(v) + 2M
]
, Γφφv = −2f(v)f ′(v)
[
f 2(v) + 2M
]
sin2 θ,
Γvθθ = 2f(v)f
′(v)
[
f 2(v) + 2M
]
= Γθvθ, Γvφφ = 2f(v)f
′(v)
[
f 2(v) + 2M
]
sin2 θ = Γφvφ,
Γφφθ = −
[
f 2(v) + 2M
]2
sin θ cos θ, Γθφφ =
[
f 2(v) + 2M
]2
sin θ cos θ = Γφθφ (12)
The spacetime field-strength tensor Rµνρσ, defined as:
Rµνρσ = R
IJ
µν (ω)eρIeσJ , (13)
exhibits the following nonvanishing components:
Rtvtv = −8Mf
2(v)f
′2(v)
[f 2(v) + 2M ]3
, Rtθtθ =
Mf 2(v)
[f 2(v) + 2M ]2
, Rtφtφ =
Mf 2(v)
[f 2(v) + 2M ]2
sin2 θ,
Rvθvθ = −4Mf ′2(v), Rθφθφ = 2M
[
f 2(v) + 2M
]
sin2 θ, Rφuφu = −4Mf ′2(v) sin2 θ (14)
The configuration (eIµ, ω
IJ
µ ) at |v| > , defined completely by eqs.(6) and (7), satisfies the
Einstein equations in vacuum, which describes the invertible phase of first order gravity
theory. Let us also note that at the hypersurfaces v = ±, all the components of the affine
connection and field-strength, except the ones below, vanish:
Γθφφ = Γφθφ
.
= 4M2 sin θ cos θ, Γφφθ
.
= −4M2 sin θ cos θ;
Rθφθφ
.
= 4M2 sin2 θ (15)
where
.
= denotes equality only at v = ±.
Although it is not essential to choose an explicit form of f(v) in order to set up the
subsequent analysis, we shall do that hereon for definiteness:
f(v) = (v2 − 2)n, (16)
where n > 1 is an integer, a criterion that is necessary for the finiteness of the fields and their
derivatives upon continuation to v = ±. It is straightforward to check that this choice is
consistent with the boundary conditions (5) and that all the associated fields which depend
on f(v) or its derivatives are finite for any finite range of v throughout the two regions at
|v| > .
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B. Region within the bridge: Noninvertible tetrad
For the intermediate region − ≤ v ≤ , which defines an extended bridge between the
asymptotically flat sheets, we shall construct a degenerate spacetime solution of the first
order equations of motion (2) and (3). In particular, we assume that the geometry here is
described by a metric with one zero eigenvalue (gˆtt = 0):
dˆs
2
(4) ≡ gˆρσdxρdxσ = 0 + σF 2(v)dv2 +H2(v)
[
dθ2 + sin2θdφ2
]
(17)
Here F (v) and H(v) are two arbitrary functions to be solved using the equations of motion
and σ = ±1. The internal metric is Lorentzianin within the bridge as well, being defined
asηIJ ≡ diag[−σ, σ, 1, 1, ]. The tetrad fields read:
eˆIµ =

0 0 0 0
0 F (v) 0 0
0 0 H(v) 0
0 0 0 H(v) sin θ

=
 0 0
0 eˆia
 (18)
where eˆia are the triads associated with the nondegenerate 3-geometry in metric (17). In
what follows next, we shall find a set of spin-connection fields such that the pair (eˆIµ, ωˆ
IJ
µ )
represents a regular solution of the first-order equations of motion (2) and (3) everywhere
at − ≤ v ≤  and also satisfies the continuity requirements at the junctions v = ±.
For a degenerate metric with eˆIt = 0 = eˆ
0
a as above, the most general solution of the
connection equations of motion (2) is given by [8]:
ωˆ 0it = 0, ωˆ
ij
t = 0, ωˆ
0i
a = 
ijkeˆlaMkl, ωˆ
ij
a = ω¯
ij
a (eˆ) + 
ijkeˆlaNkl , (19)
where Mkl = Mlk and Nkl = Nlk are two arbitrary spacetime dependent symmetric 3 × 3
matrices and ω¯ ija (eˆ) =
1
2
[
eˆbi∂[aeˆ
j
b] − eˆbj∂[aeˆib] − eˆlaeˆbi eˆcj∂[beˆlc]
]
are the torsionless spin-connection
fields determined by the triads. The equation above implies that when tetrad is not invert-
ible, the connection equations (2) do not solve all the components of the SO(3, 1) gauge
field ωˆ IJµ completely in terms of the tetrad. The arbitrary fields (Mkl, Nkl) above represent
precisely the twelve connection components that are left undetermined. These fields lead to
nonvanishing torsion in the theory, whose origin is purely geometric since there is no matter
coupling. This is in contrast to the case of invertible tetrads where the connection equations
can be solved for all the connection components in terms of the tetrad as ω IJµ = ω
IJ
µ (e)
and torsion vanishes as a consequence.
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Just for simplicity, we shall now adopt an ansatz which allows us to work with only one
contortion field instead of twelve:
Mkl(t, v, θ, φ) = 0, Nkl(t, v, θ, φ) =

0 0 0
0 0 µ(v)
0 µ(v) 0
 (20)
A more general analysis with more number of fields is straightforward and does not add much
to the essential details that concern us here. The ansatz (20) implies that the contortion
one-forms can be written as:
K12 = µ(v)H(v)dθ, K23 = 0, K31 = µ(v)H(v) sin θdφ , (21)
leading to the following expression for the (full) spin-connection fields:
ωˆ0i = 0, ωˆ12 =
[
µ(v)H(v)− σH
′(v)
F (v)
]
dθ, ωˆ23 = − cos θdφ,
ωˆ31 =
[
µ(v)H(v) + σ
H ′(v)
F (v)
]
sin θdφ (22)
The curvature two-forms, which are completely determined by the above, read:
Rˆ0i(ωˆ) = 0 , Rˆ12(ωˆ) =
(
µ(v)H(v)− σH
′(v)
F (v)
)′
dv ∧ dθ ,
Rˆ23(ωˆ) =
[
1 + σ
(
µ(v)H(v)− H
′(v)
F (v)
)(
µ(v)H(v) +
H ′(v)
F (v)
)]
sin θ dθ ∧ dφ ,
Rˆ31(ωˆ) = −
(
µ(v)H(v) + σ
H ′(v)
F (v)
)′
sin θ dφ ∧ dv + 2µ(v)H(v) cos θ dθ ∧ dφ . (23)
The SO(3, 1) invariant counterparts of the above fields are now given by the affine connection
Γˆαβρ and field-strength tensor Rˆαβρσ (with torsion), defined as:
Γˆαβρ =
1
2
[∂αgˆβρ + ∂β gˆαρ − ∂ρgˆαβ]−Kαβρ ,
Rˆµνρσ = Rˆ
IJ
µν (ω)eρIeσJ . (24)
The nontrivial components of these fields are listed below:
Γˆvvv =
σ
2
∂vF
2(v), Γˆθθv = −1
2
∂vH
2(v) + σµ(v)F (v)H2(v),
Γˆφφv = −
[
1
2
∂vH
2(v) + σµ(v)F (v)H2(v)
]
sin2 θ, Γˆvθθ =
1
2
∂vH
2(v) = Γˆθvθ,
Γˆφφθ = −H2(v) sin θ cos θ, Γˆθφφ = H2(v) sin θ cos θ = Γˆφθφ ;
Rˆvθvθ = σ
(
µ(v)H(v)− σH
′(v)
F (v)
)
F (v)H(v),
8
Rˆθφθφ =
[
1 + σ
(
µ(v)H(v)− H
′(v)
F (v)
)(
µ(v)H(v) +
H ′(v)
F (v)
)]
H2(v) sin2 θ,
Rˆφuφu = −σ∂v
(
µ(v)H(v) + σ
H ′(v)
F (v)
)
F (v)H(v) sin2 θ . (25)
The equations of motion (3), which remain to be solved, implies [8]:
abcijkeˆ
i
aRˆ
jk
bc = 0
Using the expressions given above, this reduces to the following constraint in terms of the
unknown fields H(v), F (v) and µ(v):(
σ + µ2(v)H2(v)− H
′2(v)
F 2(v)
)
F (v)− 2H(v)
(
H ′(v)
F (v)
)′
= 0 (26)
Since there are no more equations of motion to be solved, we must choose two further con-
ditions in order to obtain explicit solutions for these three fields. Further, these constraints
must be consistent with the boundary conditions at the phase boundaries v = ±. A possible
choice is:
µ(v)H(v) = σ
H ′(v)
F (v)
,
H ′(v)
F (v)
= λ(v2 − 2)m (27)
where m > 1 is an integer and λ is a constant. The three equations in (26) and (27) can
now be solved for H(v), F (v) and µ(v), leading to:
F (v) = 8λMmv(v2 − 2)m−1eσλ2(v2−2)2m ,
H(v) = H0e
σλ2(v2−2)2m ,
µ(v) = σ
λ
H0
(v2 − 2)me−σλ2(v2−2)2m . (28)
Continuity of the metric at v = ± fixes the constants H0, λ and the exponent m as:
λ2 =
σ
2M
, H0 = 2M, m = n, (29)
where n is the same integer that defines the function f(v) in (16) at the regions |v| > .
Let us now summarize some of the important features of the solutions just obtained. The
first in the set of equations (29) implies that there exist two classes (static and non-static)
of solutions, corresponding to σ = +1, M > 0 and σ = −1, M < 0, respectively. In these
two cases, v within the bridge behaves like a spacelike and timelike coordinate, respectively:
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σ = +1 :
F (v) = (32M)
1
2nv(v2 − 2)n−1e[ 12M (v2−2)2n],
H(v) = 2Me[
1
2M
(v2−2)2n],
µ(v) = (2M)−
3
2 (v2 − 2)ne[− 12M (v2−2)2n]
σ = −1 :
F (v) = (32M)
1
2nv(v2 − 2)n−1e[− 12M (v2−2)2n],
H(v) = 2Me[−
1
2M
(v2−2)2n],
µ(v) = −(2M)− 32 (v2 − 2)ne[ 12M (v2−2)2n] , (30)
For the static solutions, the nondegenerate three-space exhibits a bridge-topology. For the
non-static class, however, the bridge resides within the Lorentzian three-geometry. Snap-
shots of these two classes of solutions (at a fixed t) are provided in FIG.1, where each
circle represents a two-sphere covered by the angles (θ, φ). Each solution (for a fixed integer
n = m) is associated with two free parameters  and M . While  defines the size of the
degenerate bridge along the v direction, M characterizes the area of the two-spheres at its
boundaries v = ±. At the origin v = 0, the radius H(v) of the two-sphere corresponds to
a (local) maximum for σ = 1 and a (global) minimum for σ = −1, with:
Hmax = 2Me
[
4n
2M
]
> 2M for σ = +1,
Hmin = 2Me
[
− 4n
2M
]
< 2M for σ = −1 . (31)
It is worth emphasizing that for any of the non-static solutions with σ = −1, the minimum
radius Hmin is less than 2M . The profile of the contortion field µ(v), which is completely
localized within the bridge, is given by FIG.2.
The solutions obtained above, when inserted into the expressions for the affine connection
and field-strength in eq.(25), imply that the continuity requirements at the phase boundaries
v = ± are all satisfied:
gµν
.
= gˆµν , Γαβρ
.
= Γˆαβρ, Rαβρσ
.
= Rˆαβρσ.
Note that gµν(u) is a C
2n−1 function at these junctions.
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V= -ϵ V=+ϵ
FIG. 1. Representation of spacetime solutions at a fixed t as bridge-like three-geometries
This completes the construction of the spacetime-bridge solutions of the first order equa-
tions of motion in vacuum, given by eqs. (2) and (3). For the static as well as non-static
geometries, the (t = const.) spherical slices have nonvanishing radii for any arbitrary value
of the coordinates v, a feature that epitomizes the bridge topology of these solutions. The
bridge, defined by degenerate tetrad and torsionful connection fields, interpolates between
two asymptotically flat spacetime sheets. The full spacetime is continuous and the associated
fields, in particular the metric, connection and field-strength, are finite everywhere.
Although we have used a particular form of the contortion matrix Nkl in eq.(20) (with a
pair of non-diagonal entries being non-zero) to obtain the solutions displayed here, that is
not really necessary. For instance, the same set of solutions may be obtained using a matrix
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FIG. 2. Profile of contortion field µ(v)
whose only nontrivial elements are diagonal instead:
Nkl(t, v, θ, φ) =

α(v) 0 0
0 β(v) 0
0 0 0
 (32)
where α(v) = −σβ(v). In this case, the contortion field α(v) would play the role of µ(v) as
appearing in the solutions (30) for σ = ±1.
Note that within this framework, the two-sheeted spacetime constructed by Einstein-
Rosen [1] emerges as a special case. This corresponds to the limit → 0 (with M kept fixed)
of the static solutions with σ = +1, M > 0. For this geometry, torsion vanishes everywhere,
including at the hypersurface v = 0 where the pair of degenerate phase boundaries coincide.
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III. CONCLUSIONS
First order formulation of gravity theory is known to admit two possible phases associ-
ated with invertible and noninvertible tetrads. While the invertible phase is equivalent to
Einstein’s theory gravity, the other is not. Here we have demonstrated that when the two
phases coexist, the theory admits a new class of vacuum solutions which are representations
of a spacetime-bridge geometry. The bridge, which connects a pair of asymptotically flat
sheets, is defined by noninvertible tetrad and has a finite extension. Away from the bridge,
the tetrad fields are invertible. As one approaches the bridge from any of the outer regions,
the determinant of the four-metric goes to zero continuously at the phase boundaries. The
fact that first order gravity admits such nontrivial (bridge) topologies as regular vacuum
solutions is in stark contrast to the case of Einsteinian theory.
Each of the countable infinity of solutions exhibits two free parameters M and , which
essentially define the area and the location of the junctions between the invertible and
noninvertible phases of tetrad. Solutions exist for both the signs of M, leading to their
classification into static (M > 0) and non-static (M < 0) spacetimes. Within the frame-
work set up here, the Einstein-Rosen configuration emerges as a special limit of the static
configurations with vanishing torsion. It is obvious that being devoid of matter (ordinary or
exotic), the spacetime solutions found here do not imply a violation of the energy conditions
[13], unlike the traversable wormholes.
The very existence of the spacetime-bridge solutions in vacuum gravity, as demonstrated
here, appears to be an intriguing fact in itself. These may serve as useful test beds for ideas
regarding topology change in classical gravity and causality. Issues such as these, as well as
those related to the propagation of material particles in such geometries remain open and
are left to future investigations.
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